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ABSTRACT

Thorne, K.M.; Takekawa, J.Y., and Elliott-Fisk, D.L., 2012. Ecological effects of climate change on salt marsh wildlife: A
case study from a highly urbanized estuary. Journal of Coastal Research, 28(6), 1477–1487. Coconut Creek (Florida),
ISSN 0749-0208.

Coastal areas are high-risk zones subject to the impacts of global climate change, with significant increases in the
frequencies of extreme weather and storm events, and sea-level rise forecast by 2100. These physical processes are
expected to alter estuaries, resulting in loss of intertidal wetlands and their component wildlife species. In particular,
impacts to salt marshes and their wildlife will vary both temporally and spatially and may be irreversible and severe.
Synergistic effects caused by combining stressors with anthropogenic land-use patterns could create areas of significant
biodiversity loss and extinction, especially in urbanized estuaries that are already heavily degraded. In this paper, we
discuss current ideas, challenges, and concerns regarding the maintenance of salt marshes and their resident wildlife in
light of future climate conditions. We suggest that many salt marsh habitats are already impaired and are located where
upslope transgression is restricted, resulting in reduction and loss of these habitats in the future. In addition, we
conclude that increased inundation frequency and water depth will have negative impacts on the demography of small or
isolated wildlife meta-populations as well as their community interactions. We illustrate our points with a case study on
the Pacific Coast of North America at San Pablo Bay National Wildlife Refuge in California, an area that supports
endangered wildlife species reliant on salt marshes for all aspects of their life histories.

ADDITIONAL INDEX WORDS: California, California clapper rail, coastal, conservation, endangered, salt marsh
harvest mouse, San Francisco Bay, sea-level rise, storms.

INTRODUCTION

Global warming scenarios include projected changes in mean

and extreme ambient temperatures, precipitation and seasonal

patterns, ocean temperature and acidity, and extreme climatic

events and sea-level rise (Cayan et al., 2005; Hansen et al.,

2006; Harris et al., 2006; IPCC, 2007). Coastal ecosystems are

particularly sensitive to the impacts of climate change because

they represent a narrow, transitional ecotone between the

marine and terrestrial environments. They have been desig-

nated as high-risk zones subject to climate change impacts and

are especially sensitive to: (1) projected sea-level rise, (2) ocean

temperatures, and (3) global atmospheric and oceanic circula-

tion patterns resulting in an increase in storm frequency and

intensity (Cayan et al., 2008a; Hoegh-Guldberg and Bruno,

2010; IPCC, 2007).

Global sea-level rose 1.8 mm/y between 1961 and 1993, and it

has risen 3.1 mm/y since 1993 (IPCC, 2007). Projections of

mean sea-level rise by 2100 are characterized by high

uncertainty due to the difficulty in modeling melting ice-sheet

dynamics and other processes not included in earlier modeling

efforts (IPCC, 2007). While earlier sea-level rise projections

ranged from 0.19 to 0.58 m (IPCC, 2007), more recent

projections are closer to 0.6–1.6 m (Jevrejeva, Moore, and

Grinsted, 2010) or 0.9–1.3 m (Grinsted, Moore, and Jevrejeva,

2010) by 2100. Vermeer and Rahmstrof (2009) projected a rise

in sea level of 1.9 m by 2100 contingent upon ambient

temperature conditions. Warmer sea-surface temperatures

have increased the number and proportion of category 4–5

hurricanes since 1970 (Emanuel, 2005; Webster et al., 2005),

posing significant threats to coastal areas from storm surges,

sustained winds, and large amounts of rainfall in a short time

period (Mousavi et al., 2011). Bender et al. (2010) and Knutson

et al. (2010) showed that by the end of the twenty-first century,

an increase in the average intensity of extreme cyclone events

will occur. Increased sea level (Nicholls and Cazenave, 2010)

and increased storm frequency and/or intensity that coincide

with high tides are the greatest threat to the near-term

sustainability of coastal ecosystems (Cayan et al., 2008a).

Tidal salt marshes are highly productive ecosystems found in

the terrestrial-marine ecotone (Archibold, 1995; Mitsch and

Gosselink, 2000). Sea-level rise and an increase in extreme

climate events will be the most significant factors threatening
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these ecosystems and their dependent biodiversity (Cayan et

al., 2008a; Craft et al., 2009; FitzGerald et al., 2008; IPCC,

2007; Kirwan et al., 2010; Menon et al., 2010). In addition, an

increase in ambient temperature has been shown to cause

vegetation dieback in salt marshes (McKee, Mendelssohn, and

Materne, 2004); however, impacts from ocean acidification and

ocean temperature changes on estuaries are highly uncertain

(Hoegh-Guldberg and Bruno, 2010).

TIDAL SALT MARSH ECOSYSTEMS

Salt marshes are found along low-energy coastlines at mid-

to high latitudes (Mitsch and Gosselink, 2000). Occurring in

both the Northern and Southern Hemispheres, the geograph-

ical extent of tidal salt marshes is primarily within the

intertidal zones of temperate estuaries (16,000 km2 in North

America). They are also present in the subarctic boreal

ecosystems but are replaced by mangrove ecosystems in

tropical regions (Greenberg et al., 2006; Jefferies, 1977). Salt

marshes are dominated by halophytic plants with tolerance for

high salinity levels and tidal inundation, resulting in strong

zonation of vegetation from lower to higher elevations

(Mancera et al., 2005). The distribution of vegetation types

can be closely related to channel network configuration and

tidal drainage patterns (Sanderson, Ustin, and Foin, 2000),

and their geomorphology may be shaped over hundreds to

thousands of years (Goman, Malamud-Roam, and Ingram,

2008; Willard, Cronin, and Verardo, 2003).

Human settlement and development are ongoing threats to

salt marshes because they are geographically limited. Globally,

more than 600 million people, or 10% of the world’s population,

live along coastlines between 0 and 10 m in elevation

(McGranahan, Balk, and Anderson, 2007). In the United

States alone, an estimated 45% of the population resides in

coastal areas (Culliton et al., 1990). Anthropogenic land

alterations such as filling, diking, and draining to convert salt

marshes to solar salterns, agricultural lands, and urban

development have significantly impacted their distribution

around the world (Atwater et al., 1979; Kennish, 2001).

Since the melting of the late Pleistocene ice sheets and the

Flandarian transgression of sea level, ca. 6000 YBP, salt

marshes have kept pace with sea-level changes in a period of

decelerated sea-level rise (Stanley and Warne, 1994). The

resiliency and persistence of a salt marsh with sea-level rise

are context-specific and vary by location and where a site

lies within the tidal range (Kirwan and Guntenspergen,

2010; Warren and Niering, 1993). With sea-level rise, salt

marshes can still be self-sustaining provided they have

sufficient sediment input and time to respond (Reed, 2002).

Tidal action transports suspended sediment in salt marshes

via channel networks and along open-water edges to create

dynamic geomorphic systems (Reed et al., 1999). In addition,

organic inputs and belowground biomass have been shown

to be important contributions to salt marsh development

and accretion (Drexler, de Fontaine, and Brown, 2009;

Goodman, Wood, and Gehrels, 2007), potentially helping the

salt marsh keep up with sea-level rise.

Accretion rates for salt marshes situated on the Pacific Coast

of North America have kept pace with sea-level rise in the last

500–2000 y (Goman, Malamud-Roam, and Ingram, 2008;

Watson, 2004). However, watershed damming and under-

ground extractions can inhibit processes that maintain salt

marsh elevation in relation to sea level (Ravens et al., 2009;

White and Tremblay, 1995; Wilson and Allison, 2008). Salt

marshes in southwestern Louisiana and Galveston Bay, Texas,

are subsiding due to insufficient sediment supply and under-

ground water and oil extraction (Ravens et al., 2009; Rybczyk

and Cahoon, 2002; Wilson and Allison, 2008).

On the Atlantic seaboard of North America, plant species

found in the low marsh have already migrated to upper marsh

zones, resulting in altered plant communities with recent

changes in sea level and storms (Donnelly and Bertness, 2001;

Warren and Niering, 1993). Projected sea-level rise and more

frequent extreme storm events will alter sediment inputs and

distribution patterns, changing hydraulic flow dynamics

(Culberson, Foin, and Collins, 2004; Day et al., 2008;

FitzGerald et al., 2008; Morris et al., 2002). As a result, the

distribution of plant communities will shift. In addition, an

increase in flooding frequency of upland salt marsh areas and

saltwater intrusion over levees into adjacent lands may occur

during extreme events (FitzGerald et al., 2008; French, 2006).

The coupling of storm surges and high tides will result in

erosion of the salt marsh edge and excessive flooding of

vegetation (Erwin, Sanders, and Prosser, 2004; Evens and

Page, 1986; Zedler, 2010).

Regardless of which climate change projection and resultant

sea-level rise and storm model is used through 2100,

thousands of hectares of coastal salt marshes will be

permanently inundated if accretion processes are not able to

keep up. If natural or anthropogenic barriers inhibit salt

marsh transgression to higher elevations, even greater loss

will occur, often referred to as ‘‘coastal squeeze.’’ In this paper,

we categorize the climate change effects on salt marshes and

their biota (Table 1) into short- (#25 y) and long-term (.25 y)

effects.

WILDLIFE SENSITIVITY AND ADAPTABILITY

Studies have shown that wildlife populations in many

ecosystems around the world are already responding to

climate change effects (Parmesan, 1996, 2006; Parmesan

et al., 1999; Previtali et al., 2009; Solonen, 2008; Thomas and

Lennon, 1999). Sensitivity and adaptability of wildlife to

climate change effects will depend on local rates of change

and the spatial habitat patterns. Wildlife species facing new

environmental conditions (e.g., beyond the range of historical

variability) respond through changes in phenology, shifts in

geographic distribution, adaptation through evolution or

phenotypic plasticity, demographic structure change, or local

extinctions (Austin and Rehfisch, 2003; Hoegh-Guldberg,

1999; Parmesan and Yohe, 2003; Brierley and Kingsford,

2009; Crimmins et al., 2011). Species such as the polar bear

(Ursus maritimus) that are highly dependent on specific

habitat types (Derocher, Lunn, and Stirling, 2004) will be

more vulnerable. Many species will react independently and

be affected at different rates according to their ecological and

physiological constraints (Root and Schneider, 2006; Willis

et al., 2010).
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Geographic range and phenological shifts, as well as

behavioral changes, have great potential to alter the distribu-

tions of populations and produce new communities through

reassembly of species associations (Hughes, 2000; Root and

Schneider, 2006; Schneider and Root, 2002; Stralberg et al.,

2009). Phenological shifts of migratory songbirds have been

documented in both hemispheres, indicating that species are

capable of advancing their spring arrival dates (Beaumont,

McAllan, and Hughes, 2006; Macmynowski et al., 2007;

Parmesan, 2007). Different phenological responses across

trophic levels may lead to a mismatch between interrelated

populations, such as the European great tit (Parus major) and

their insect prey (Visser et al., 1998). Changes in latitudinal

and altitudinal geographical distribution have been document-

ed for both mammals and birds (Moritz et al., 2008; Root et al.,

2003), ranging from American pikas (Ochotona princeps;

Beever et al., 2011) to hummingbirds (Buermann et al.,

2011). However, such range shifts are only feasible with

adequate habitat, good dispersal and colonization ability,

availability of food resources, and absence of physical barriers

that might preclude movements. Many species are confined to

landscapes with no suitable transitory habitats that would

allow them to respond quickly to the changing physical

environment (Seavey, Gilmer, and McGarigal, 2011).

At the community level, alteration of food web structures,

competition structure (including invasive species), and intro-

duction of disease may result in changes to community

assemblages and demographics, habitat structure, and dietary

resources (Altizer, Bartel, and Han, 2011; Laaksonen et al.,

2010; Lafferty, 2009; Parmesan, 2006; Stralberg et al., 2009).

This reorganization of biological communities may create a

mismatch in food resources, enable invasive species to expand,

initiate trophic cascades, or cause local extirpations (Gilg,

Sittler, and Hanski, 2009; Poloczanska et al., 2008; Pounds et

al., 2006). Ultimately, adaptation may result in new biotic

communities with no modern analog (Schneider and Root,

2002; Winder and Schindler, 2004). Wildlife demographic

responses may include alterations in social groups, reproduc-

tive success, and age or sex ratios. For example, while

reproduction rates for the tufted puffin (Fratercula cirrhata)

were positively correlated with increasing sea-surface temper-

atures, growth rates and juvenile survival were reduced

(Gjerdrum et al., 2003). Fuentes et al. (2010) found that sea-

level rise and storm events increased vulnerability of sea turtle

(Chelonia mydas) rookeries to inundation and increased egg

mortality, resulting in decreased reproductive success.

EFFECTS ON SALT MARSH WILDLIFE

In salt marshes, wildlife habitat diversity is low because of

the physiological conditions created by high salinity levels,

tidal flooding, and low plant diversity. Fish, birds, marine

mammals, several terrestrial mammals, and even a few

reptiles such as the diamondback terrapin (Malaclemys

terrapin) are found living in or near salt marshes, either as

full-time residents or seasonal inhabitants. These species are

adapted to survive in this dynamic tidal environment (Bias and

Morrison 2006; Rush et al., 2009; Spautz et al., 2006; Tsao et al.,

2009). For example, the salt marsh sharp-tailed sparrow

(Ammodramus caudacutus) selects its nesting period to avoid

high spring tides, and the seaside sparrow (Ammodramus

maritimus) chooses higher nesting locations (Gjerdrum, El-

phick, and Rubega, 2005), both presumably to reduce impacts

from tidal inundation on reproductive success.

However, many salt marsh vertebrates are listed as species

of special concern or endangered species (USFWS, 1991, 2009;

Table 1. Project change, short-term impacts to wildlife, long-term impacts, and associated references. Impacts to salt marsh wildlife will vary temporally and

locally. Some impacts will be to the wildlife species themselves, whereas others will be on their vegetative habitats. Here, short-term impacts are defined as

measurable changes in the next 25 y, whereas long-term impacts are beyond 25 y (U.S. Department of Interior and Council on Environmental Quality, 2012).

Projected Change Short-Term Impacts (#25 y) Long-Term Impacts (.25 y) Example References

Increase in mean sea level Drowning

Nest or young failure

Increase in predation

Flooding of available habitat

Migration or displacement of animal

Population decline

Extirpation

Reorganization of communities

Adaptation of species

Range shifts of vegetation

Range shifts of animals

Austin and Rehfisch (2003)

Menon et al. (2010)

Rush et al. (2009)

Seavey, Gilmer, and McGarigal (2011)

Increase in ambient

temperature

Vegetation heat stress

Increased primary productivity

Animal heat stress

Decrease in reproduction

Animal metabolic rate increase

Extirpation

Phenology changes in salt marsh

habitat community

Range shifts of habitat vegetation

Range shifts of animals

Gilg, Sittler, and Hanski (2009)

Hansen (2009)

Kirwan, Guntenspergen, and Morris (2009)

Lawler et al. (2009)

Stralberg et al. (2009)

Thomas and Lennon (1999)

Increase in storm frequency

and intensity

Drowning

Nest or young failure

Increase in predation

Impacts to vegetation structure

Habitat loss (temporary)

Population decline

Extirpation

Scouring of salt marsh areas

Range shifts

Plant deaths

Habitat constriction (permanent)

Cayan et al. (2008a)

Hopkinson et al. (2008)

Meehl et al. (2000)

Parmesan et al. (2000)

Previtali et al. (2009)

Zedler (2010)

Changes in seasonal

freshwater input

Seasonal drowning

Nest or young loss

Vegetation changes

Phenology change

Vegetation community composition

change

Vegetation range shifts

Knowles and Cayan (2002)

Smith et al. (2009)

Ocean acidification Unknown Potential loss of food web components Hoegh-Guldberg (1999)

O’Donnell et al. (2010)
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IUCN, 2011) for which ecology is often little-studied and

poorly understood. Mammals such as the Florida salt marsh

vole (Microtus pennsylvanicus dukecampbelli) and the salt

marsh harvest mouse (Reithrodontomys raviventris), which

are both federally endangered species in the United States,

have been impacted by habitat modification and loss of salt

marshes (Shellhammer, 1982; Woods, Post, and Kirkpatrick,

1992). Salt marsh wildlife species are negatively affected by

human actions that include modification and degradation of

coastal processes through construction of barriers and

alteration of natural hydrological flows (Brusati and

Grosholz, 2009; Greenberg et al., 2006; Nichols et al., 1986;

Schwarzbach, Albertson, and Thomas, 2006; Takekawa

et al., 2006).

Upslope movement of salt marsh is often restricted by

barriers, or sediment is limited by hydrologic modifications

(Rybczyk and Cahoon, 2002). Artificial levees, dikes, and sea

walls may be obstacles to dispersal for less mobile birds such

as the California clapper rail (Rallus longirostris obsoletus),

although not for more mobile birds such as Nelson’s sharp-

tailed sparrows (Ammodramus nelson) or short-eared owls

(Asio Flammeus) (Eddleman and Conway, 1998). Along the

North American Atlantic and Gulf Coasts, extensive alter-

ations have occurred from ditching for mosquito control and

overgrazing by invasive nutria (Myocastor coypus), musk-

rats (Ondatra zibethicus), and waterfowl (Evers et al., 1998).

Tidal salt marsh bird diversity decreases with increasing

fragmentation of salt marshes (Benoit and Askins, 2002); for

example, the size and proximity of salt marshes influence

the number of bird species along the New England coast of

eastern North America (Shriver et al., 2010). Displaced

species may suffer from increased competition and preda-

tion rates or be maladapted to their new environment. The

synergistic effects of urbanization, degradation, distur-

bance, pollution, and invasive species introductions will

exacerbate impacts from sea-level rise and increasing severe

storms (Atwater et al., 1979; Kennish, 2001; Nichols et al.,

1986) on wildlife (Daniels, White, and Chapman, 1993;

Hughes, 2004).

The added impacts of climate change on salt marsh

ecosystems may greatly increase threats to already vulnerable

populations and species in urbanized estuaries (Ohlemuller et

al., 2008). Highly urbanized estuaries such as those on the

Chesapeake Bay (Jantz, Goetz, and Jantz, 2005), Saint

Lawrence River (Jean and Bouchard, 1991), San Francisco

Bay (Nichols et al., 1986), and Yangtze River (He et al., 2007)

will be highly susceptible. In general, we suggest that the most

vulnerable salt marsh habitats are: (1) located where wildlife

habitats are already heavily fragmented and altered, often in

close proximity to urbanization; (2) bordered by sea walls,

levees, or roads that limit transgression or animal movements

into upland transitions; (3) supporting biotic communities that

are endemic, rare, or threatened by other limiting factors; or

(4) affected by combinations of these factors, where stressors

are amplified by increased sea-level rise or severe weather

events. Several summaries have reported on the effects of sea-

level rise on salt marshes of the Atlantic and Gulf Coasts of

North America, but few studies have summarized effects on

areas with mixed semidiurnal tidal ranges, such as on the

Pacific Coast, or have focused specifically on the endemic

wildlife. Thus, we use a case study from San Francisco Bay in

California, U.S.A., to illustrate some of the primary

conservation concerns and challenges facing salt marsh

wildlife with changing climate.

SAN FRANCISCO BAY SALT MARSHES:
A CASE STUDY

San Francisco Bay Estuary
The San Francisco Bay Estuary supports one of the largest

extents of salt marsh in western North America. In 1850, it

covered an estimated 2200 km2 (Atwater et al., 1979), but

fragmentation and modification through local- and water-

shed-scale land-use changes resulted in loss of .80% of

historic marshes (Goals Project, 1999). This created a mosaic

of highly fragmented salt marshes with surrounding areas

composed of urban and agriculture lands. A large proportion

of the remaining salt marshes is located in the northern

reach of the estuary on San Pablo Bay, and nearly 85% of

San Pablo Bay salt marsh habitats has been altered by

human activities such as diking, mining, salt pond develop-

ment, and farming (USFWS, 2007). In recent years, efforts

have been made to reverse the habitat losses, and restoration

projects in this subregion have encompassed over 6.0 km2

(Kershner, 2010).

San Pablo Bay is strongly influenced by ocean tides,

freshwater runoff from local creeks and rivers, and freshwater

inflow from the Sierra Nevada Mountains through the

Sacramento–San Joaquin Delta via Suisun Bay and the

Carquinez Strait (Cloern et al., 2010, 2011). It has a mixed

semidiurnal tidal regime and a Mediterranean climate with

cool, wet winters where most precipitation comes as rain or fog

followed by warm, dry summers. At the watershed scale,

freshwater input and suspended sediment supply are domi-

nated by discharge from the Sierra Nevada snowpack aug-

mented by river discharge from low-elevation watersheds

(Cloern et al., 2011).

Projected climate change alterations to this system include

coastal flooding from sea-level rise, higher snow lines, and a

decreased winter snowpack, resulting in decreased freshwater

input in the summer and declining late season runoff (Cayan et

al., 2001, 2006; Dettinger et al., 2004; Knowles and Cayan,

2002, 2004; Knowles, Dettinger, and Cayan, 2006). With

seasonal changes in precipitation and snow cover, including

more rain and earlier snowmelt in the winter, alterations in

freshwater input and estuarine salinity levels will change both

temporally and spatially (Cayan et al., 2008b; Dettinger and

Cayan, 1995) and could alter salt marsh habitats and

vegetation composition. In addition, current hydrogeomorphic

processes within the estuary will be altered through changing

suspended sediment loads and accretional processes, which

maintain marsh elevations (Cahoon, Lynch, and Powell, 1996;

Culberson, Foin, and Collins, 2004; Patrick and DeLaune,

1990; Temmerman et al., 2004; Watson, 2008). Projected

increase in extreme storm events may cause coastal edge

erosion and plant drowning, which will alter salt marsh

stability (e.g., resistance to shear stress) and increase suscep-

tibility to scour (Zedler, 2010).
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Refuge Salt Marshes
San Pablo Bay National Wildlife Refuge (hereafter

SPBNWR; 38u3990 N, 122u249220 W) supports one of the

largest, contiguous areas of remnant salt marsh in the

estuary and hosts many endangered or threatened wildlife

species (Figure 1). SPBNWR consists of a low-gradient salt

marsh that rings San Pablo Bay with a mean elevation of

1.76 m NAVD88 and an elevation range of 1.49 m, where

.88% of 950 elevation survey points fell within 1.5–2.0 m

(Thorne et al., 2010). Common pickleweed (Sarcocornia

pacifica) dominates the large salt marsh platform (91%

cover, 45 cm height) fringed by a narrow outer band (3.2%

cover, 77 cm height) of Pacific cordgrass (Spartina foliosa)

(Thorne et al., 2010). The slight elevation gradient found at

SPBNWR is characteristic of many salt marshes (Archibold,

1995), and is a critical geomorphic feature when considering

salt marsh ‘‘drowning.’’ The local current rate of sea-level

rise in the estuary is 2.2 mm/y (Cayan et al., 2008a), which

will primarily affect the salt marsh over the long-term

(.25 y), but may change vegetation inundation frequency

over the short-term for most of the area. Over 30 y, there has

been an observed change of vegetation composition in the

San Francisco Bay estuary to more salt-tolerant species (e.g.,

Sarcocornia pacifica) (Watson and Byrne, 2012).

Mean high water (MHW) inundates the salt marsh platform

at .1.68 m NAVD88, while most plants are inundated at mean

higher high water (MHHW) at 1.85 m (Thorne et al., written

communication). During two storms in 2010 and 2011, the

duration of salt marsh platform flooding increased significantly

from nonstorm periods (2.7–3.8 h/d) to storm periods (6.7–8.3 h/d)

(Figure 2). These storm events produced salt marsh platform

inundation 1.8–3.1 times longer than during nonstorm periods

within the same month. We found that during El Niño events, sea

level increases with thermal expansion of seawater and

prevailing winds, thus creating analogs for future sea-level rise

conditions (Thorne et al., written communication). In addition,

increased frequency of these types of storms expected with

climate change (Cayan et al., 2008a) could increase salt marsh

edge erosion and drowning of vegetation in the short-term. Salt

marsh edge erosion is not currently occurring at SPBNWR

because of the large amount of available sediment deposited

during the Gold Rush era of the mid-1800s (Jaffe, Smith, and

Foxgrover, 2007), which is sustaining the salt marsh edge. At the

upland margin, salt marsh transgression upslope is limited by

Figure 1. (A) San Pablo Bay National Wildlife Refuge in northern California, U.S.A. (B) San Pablo Bay National Wildlife Refuge is located in the upper

reaches of the San Francisco Bay Estuary and receives water from the Sierra Nevada snowpack. (C) It spans most of the northern edge of the San Pablo Bay

and is composed of open water, mud flats, and a large expanse of salt marsh.
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levees, a state highway, and private property. Therefore,

sustaining the salt marsh through upslope migration over

the long-term is currently not possible and will not likely

occur without significant management actions, including the

removal of highway infrastructure and work with local

landowners.

Effects on Wildlife
Eleven wildlife species of concern are named in the

multispecies tidal marsh recovery plan for northern and

central California (USFWS, 2009), and San Francisco Bay

constitutes the single largest area of remnant salt marshes

supporting them (Goals Project, 1999; Takekawa et al., 2006).

Many wildlife species, such as the San Pablo song sparrow

(Melodia melodia samuelis), salt marsh common yellowthroat

(Geothlypis trichas sinuosa), state-threatened California black

rail (Laterallus jamaicensis coturniulus), and the federally

endangered salt marsh harvest mouse, are local endemic

species (Takekawa et al., 2011) that reside within SPBNWR.

The salt marsh harvest mouse and California black rail are

closely associated with common pickleweed plants, which they

use for feeding, nesting, and protection from predators (Bias

and Morrison, 2006; Fisler, 1963; Tsao et al., 2009). Takekawa

et al. (2002) found a high correlation between salt marsh

harvest mouse captures and height and percent cover of

pickleweed plants.

Vegetation on the salt marsh platform at SPBNWR rarely

becomes fully submerged except during tidal events that

exceed mean higher high water (MHHW) or when they occur

concurrently with storm-driven elevated sea levels (Figure 2).

Over the short-term, greater inundation frequency and water

depth may increase predation, decrease survival, and reduce

reproduction. An 84% reduction in the amount of trapped salt

marsh harvest mouse was observed in 2005–2006 after a large

storm that submerged most of the salt marsh vegetation (Woo,

Block, and Takekawa, 2008). These effects can be exacerbated

when species are forced out of their normal salt marsh habitats

to upland areas, which are typically marginal habitats. For

example, the salt marsh harvest mouse has been shown to

climb up common pickleweed plants or move to upland

vegetation for refugia, but they are affected by predation by

great egrets (Ardea alba) among others (Bias and Morrison,

1999; Hulst et al., 2001; Johnston, 1956; Shellhammer, 1982),

and competition from other small mammals such as house mice

(Mus musculus). Non-native predators such as feral cats (Felis

catus) and red foxes (Vulpes vulpes regalis) have been shown to

prey on California clapper rails and light-footed clapper rails

(Rallus longirostris levipes) and California black rails during

high-water events (Evens and Page, 1986; Foin et al., 1997;

Harding, Doak, and Albertson, 2001).

Vegetation structure and cover provide safe places for salt

marsh wildlife to nest and reproduce (Greenberg et al., 2006).

The California clapper rail nest is approximately located in

vegetation 57 cm tall, often in cordgrass stems, presumably to

reduce flooding risk while avoiding predation (Takekawa et al.,

2011). In addition, the California black rail has been shown to

time breeding when inundation of the salt marsh is minimal

(Takekawa et al., unpublished data). Increased inundation

frequency and depth also fill channel and tidal sloughs for

longer periods of time, making them unavailable for terrestrial

wildlife. The California clapper rail uses tidal sloughs and

channels for movement, feeding, and escape from predators

(Takekawa et al., 2011).

Long-term impacts and changes to wildlife demographic and

community structures from sea-level rise and storms are less

clear than short-term impacts. However, long-term negative

impacts to the overall amount and quality of salt marsh habitat

will impact all salt marsh wildlife. For example, long-term salt

Figure 2. The San Pablo Bay National Wildlife Refuge contains large expanses of common pickleweed (Sarcocornia pacifica), which provides habitat and

cover for endangered salt marsh wildlife species. These photos were taken on 29 January 2010 during a high tide concurrent with a low-pressure storm event.

Small incremental increases in sea level or changes in the frequency of storms or depth of water result in elevated predation and drowning risk for

many populations.
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marsh drowning and habitat loss will force wildlife to disperse

to new habitats, exposing them to predation threats and new

competitive interactions with other species. Species will not

always be able to find suitable habitat within the range of their

dispersal capability—for example, the California black rail was

shown to only move 38 m during extreme high tides and 28 m

on average (Tsao et al., 2009). In addition, the California

clapper rail, which prefers the low intertidal zone dominated by

cordgrass for feeding and nesting (Foin et al., 1997), will

experience erosion of these edge habitats over the long-term

(Cayan et al., 2005). Long-term effects on local food availability,

new competition structures, and predation rates could have

coupled effects with ‘‘coastal squeeze’’ to result in extirpation or

extinction (Geissel, Shellhammer, and Harvey, 1988).

SPBNWR will be affected by sea-level rise and storm events

both over the short- and long-term (Table 1). It is a fragmented

salt marsh in a highly urbanized estuary with barriers,

including private property levees (e.g., dikes protecting adja-

cent private agriculture land and highways), that inhibit marsh

transgression upslope. The most likely future scenario will be

narrowing and reduction of total geographical salt marsh area

for many endemic and threatened species. Population viability

modeling has indicated that the extent of salt marsh is the most

important variable for predicting long-term viability of salt

marsh species such as the San Pablo song sparrow (Takekawa

et al., 2006). Thus, we expect a decline in wildlife populations of

SPBNWR, especially in regions with salt marshes that are

already affected by stressors, unless proactive efforts are made

to undertake adaptation actions. The loss of wildlife popula-

tions will occur in the long-term from sea-level rise effects but

also in the short-term when more frequent extreme events will

impact the salt marsh communities.

CONSERVATION AND PLANNING CHALLENGES

Coastal land managers seeking to conserve salt marsh wildlife

in light of climate change are faced with many challenges. First,

there are many uncertainties about the magnitude and interac-

tions of sea-level rise and storm frequency and intensity (Kettle,

2012). Second, most climate change models are developed at

global or continental spatial scales, whereas most biological or

ecological responses will be at local scales (Parmesan, Root, and

Willig, 2000). This disconnect creates many challenges for local-

level planning and adaptation strategies. In addition, life-history

requirements, food web characteristics, and biotic interactions

are not well understood for many tidal salt marsh species

(Greenberg et al., 2006). Reorganization of biotic communities

will create uncertainty about future relationships among species

in salt marshes, making predictions with climate envelope

models of limited value. Lastly, the salt marsh resiliency to keep

up with sea-level rise through accretion processes or transgres-

sion is not well known for many areas. To better understand

ecomorphodynamic feedbacks in salt marshes, availability of

suspended sediment, primary productivity, and organic inputs

need to be studied and monitored.

Coastal planning that implements adaptive management

including short- and long-term effects should be encouraged

(e.g., USFWS, 2009). In light of stochastic storm events and

increased inundation frequency from sea-level rise, key short-

term planning needs for salt marsh wildlife include increasing

connectivity of habitats, monitoring wildlife population abun-

dance and distribution, and ensuring the presence of upland

refugia (either natural or constructed) for survival during flood

events (Hannah and Hansen, 2005). We recommend that long-

term planning needs address redesigning protected areas to

plan for vegetation and habitat shifts, transitional and corridor

habitats, marsh transgression, and restoring more areas to

tidal flows to support wildlife in the short-term. For many

species, detailed landscape-level population viability modeling

to predict the probability of extinction or estimate minimum

viable population numbers will be critical to make informed

decisions.

Coordination of conservation planning strategies is begin-

ning at multiple geographical scales; however, it is important to

incorporate wildlife needs into these strategies (e.g., U.S. Fish

and Wildlife Service, Landscape Conservation Cooperative).

Current protected areas would benefit from individual assess-

ment of their resiliency, including areas like SPBNWR. Coastal

plans that encourage vulnerability and connectivity assess-

ments, as well as including future acquisitions and manage-

ment actions that incorporate transition and future transgres-

sion zones, are important to avoid population extirpation or

extinction. Conservation plans would benefit from incorpora-

tion of multiple stakeholders (including private property

owners) and scientists to assess availability of salt marshes

as future wildlife habitats. Innovative and novel methods to

mitigate sea-level rise and storm impacts should be encour-

aged, such as sediment watershed management and use of

dredge material to assist in salt marsh accretion (Ford, Cahoon,

and Lynch, 1999; Yozzo, Wilber, and Will, 2004).

CONCLUSIONS

In light of global change, it has become more apparent that

salt marsh species reside in a dynamic ecosystem, the future of

which is threatened. It will be the task of coastal scientists and

managers to determine which climatic biophysical variables

will limit their populations over the short- and long-term and

which salt marsh areas are most at risk. Species most

vulnerable to climate change are located in areas where

wildlife habitats are already heavily fragmented and altered

by human actions, lacking upland areas for salt marsh

transgression or animal dispersal. Planning processes that

identify and incorporate local climate change risks may

improve the resiliency of salt marsh wildlife and reduce the

risk of irreversible impacts. Regional conservation planning

should be coupled with targeted research to conserve wildlife

biodiversity as well as ecosystem functions and services of

these salt marsh ecosystems.

ACKNOWLEDGMENTS

The authors would like to thank the U.S. Geological

Survey, Western Ecological Research Center, the U.S.

Geological Survey National Climate Change Wildlife Science

Center, and University of California, Davis, Geography

Graduate Group for support. San Pablo Bay studies were

conducted in cooperation with the San Pablo Bay National

Climate Change Effects on Salt Marsh Wildlife 1483

Journal of Coastal Research, Vol. 28, No. 6, 2012



Wildlife Refuges (C. Smith, D. Brubaker, L. Terrazas), U.S.

Fish and Wildlife Service Inventory and Monitoring Branch

(G. Block, K. Laing), and California Landscape Conservation

Cooperative (D. Schlafmann, R. Fris). We thank P. Elsen for

figure and manuscript assistance. Helpful review comments

were provided by L. Terrazas, K. Spragens, K. Buffington, V.

Bui, S. Jones, N. Athearn, and two anonymous reviewers.

LITERATURE CITED

Altizer, S.; Bartel, R., and Han, B.A., 2011. Animal migration and
infectious disease risk. Science, 331(6015), 296–302.

Archibold, O.W., 1995. Ecology of World Vegetation, Coastal and
Marine Ecosystems. London: Chapman and Hall, 510p.

Atwater, B.F.; Conard, S.G.; Dowden, J.N.; Hedel, C.W.; MacDonald,
R.L., and Savage, W. 1979. History, landforms, and vegetation of
the estuary’s tidal marshes. In: Conomos, T.J. (ed.), San Francisco
Bay: The Urbanized Estuary. San Francisco, California: Pacific
Division/American Association for the Advancement of Science,
pp. 347–380.

Austin, G.E. and Rehfisch, M.M., 2003. The likely impact of sea level
rise on waders (Charadrii) wintering on estuaries. Journal for
Nature Conservation, 11, 43–58.

Beaumont, L.J.; McAllan, I.AW., and Hughes, L., 2006. A matter of
timing: changes in the first date of arrival and last date of
departure of Australian migratory birds. Global Change Biology,
12, 1339–1354.

Beever, E.A; Ray, C.; Wilkening, J.L.; Brussard, P.F., and Mote, P.W.,
2011. Contemporary climate change alters the pace and drivers of
extinction. Global Change Biology, 17, 2054–2070.

Bender, M.A.; Knutson, T.R.; Tuleya, R.E.; Sirutis, J.J.; Vecchi, G.A.;
Garner, S.T., and Held, I.M., 2010. Modeled impact of anthropo-
genic warming on the frequency of intense Atlantic hurricanes.
Science, 327, 454–458.

Benoit, L.K. and Askins, R.A., 2002. Relationship between habitat
area and the distribution of tidal marsh birds. Wilson Bulletin,
114(3), 314–323.

Bias, M.A. and Morrison, M.L., 1999. Movements and home range of
salt marsh harvest mice. Southwestern Naturalist, 44, 348–353.

Bias, M.A. and Morrison, M.L., 2006. Habitat selection of the salt
marsh harvest mouse and sympatric rodent species. Journal of
Wildlife Management, 70(3), 732–742.

Brierley, A.S. and Kingsford, M.J., 2009. Impacts of climate change on
marine organisms and ecosystems. Current Biology, 19(14), R602–
R614.

Brusati, E.D. and Grosholz, E.D., 2009. Does invasion of hybrid
cordgrass change estuarine food webs? Biological Invasions, 11,
917–926.

Buermann, W.; Chaves, J.A.; Dudley, R.; McGuire, J.A.; Smith, T.B.,
and Altshuler, D.L., 2011. Projected changes in elevational
distribution and flight performance of montane Neotropical
hummingbirds in response to climate change. Global Change
Biology, 17, 1671–1680.

Cahoon, D.R.; Lynch, J.C., and Powell, A.N., 1996. Marsh vertical
accretion in a southern California estuary, USA. Estuarine, Coastal
and Shelf Science, 43, 19–32.

Cayan, D.; Bromirski, P.; Hayhoe, K.; Tyree, M.; Dettinger, M., and
Flick, R. 2005. Projecting Future Sea Level. California Climate
Change Center Report CEC-500-2005-SD. http://www.energy.ca.
gov/2005publications/2005_pubs_alpha_order.html (accessed Janu-
ary 22, 2011).

Cayan, D.; Bromirski, P.D.; Hayhoe, K.; Tryee; Dettinger, M.D., and
Flick, R.E., 2008a. Climate change projections of sea level extremes
along the California coast. Climate Change, (Suppl. 1), S57–S73.

Cayan, D.; Kamerdiener, S.A.; Dettinger, M.D.; Caprio, J.M., and
Peterson, D.H., 2001. Changes in the onset of spring in the western
United States. Bulletin of the American Meteorological Society, 82,
399–415.

Cayan, D.; Luers, A.L; Hanemann, M.; Franco, G., and Croes, B.,
2006. Scenarios of Climate Change in California: An Overview.

Sacramento, California: California Climate Change Center Report
CEC-500-2005-186-SF, 53p. http://www.climatechange.ca.gov/
climate_action_team/reports/index.html (accessed December 2, 2010).

Cayan, D.R.; Maurer, E.P.; Dettinger, M.D.; Tyree, M., and Hayhoe,
K., 2008b. Climate change scenarios for the California region.
Climate Change, (Suppl. 1), S21–S42.

Cloern, J.E.; Hieb, K.A.; Jacobson, T.; Sanso, B.; Di Lorenzo, E.;
Stacey, M.T.; Largier, J.L.; Meiring, W.; Peterson, W.T.; Powell,
T.M.; Winder, M., and Jassby, A.D., 2010. Biological communities
in San Francisco Bay track large-scale climate forcings over the
North Pacific. Geophysical Research Letters, 37, L21602.

Cloern, J.E.; Knowles, N.; Brown, L.R.; Cayan, D.; Dettinger, M.D.;
Morgan, T.L.; Schoellhamer, D.H.; Stacey, M.T.; van der Wagen,
M.; Wagner, R.W., and Jassby, A.D., 2011. Projected evolution of
California’s San Francisco Bay-Delta-River system in a century of
climate change. PLoS One, 6(9), e24465.

Craft, C.; Clough, J.; Ehman, J.; Joye, S.; Park, R.; Pennings, S.; Guo,
H., and Machmuller, M., 2009. Forecasting the effects of acceler-
ated sea level rise on tidal marsh ecosystem services. Frontiers in
Ecology and the Environment, 7, 73–78.

Crimmins, S.M.; Dobrowski, S.Z.; Greenberg, J.A.; Abatzoglou, J.T.,
and Mynsberge, A.R., 2011. Changes in climate water balance drive
downhill shifts in plant species’ optimum elevations. Science, 331,
324–326.

Culberson, S.D.; Foin, T.C., and Collins, J.N., 2004. The role of
sedimentation in estuarine marsh development within the San
Francisco Estuary, California, USA. Journal of Coastal Research,
20(4), 970–979.

Culliton, T.; Warren, M.; Goodspeed, T.; Remer, D.; Blackwell, C., and
McDonough, J., 1990. Fifty Years of Population Changes along the
Nation’s Coasts. Rockville, Maryland: National Oceanic and
Atmospheric Administration, 41p.

Daniels, R.C.; White, T.W., and Chapman, K.K., 1993. Sea-level rise:
destruction of threatened and endangered species habitat in South
Carolina. Environmental Management, 17(3), 373–385.

Day, J.W.; Christian, R.R.; Boesch, D.M.; Yanez-Arancibia, A.;
Morris, J.; Twilley, R.R.; Naylor, L.; Schaffner, L., and Stevenson,
C., 2008. Consequences of climate change on the ecogeomorphology
of coastal wetlands. Estuaries and Coasts, 31, 477–491.

Derocher, A.E.; Lunn, N.J., and Stirling, I., 2004. Polar bears in a
warming climate. Integrative and Comparative Biology, 44, 163–
176.

Dettinger, M.D. and Cayan, D.R., 1995. Large-scale atmospheric
forcing of recent trends toward early snowmelt runoff in California.
Journal of Climate, 8(3), 606–623.

Dettinger, M.D.; Cayan, D.R.; Meyer, M.K., and Jeton, A.E., 2004.
Simulated hydrologic responses to climate variations and change in
the Merced, Carson, and American River basins, Sierra Nevada,
California, 1900–2099. Climatic Change, 62, 283–317.

Donnelly, J.P. and Bertness, M.D., 2001. Rapid shoreward encroach-
ment of salt marsh cordgrass in response to accelerated sea-level
rise. Proceedings of the National Academy of Sciences of the United
States of America, 98(25), 14218–14223.

Drexler, J.Z.; de Fontaine, C.S., and Brown, T.A., 2009. Peat accretion
histories during the past 6,000 years in marshes of the Sacra-
mento–San Joaquin Delta, CA, USA. Estuaries and Coasts, 32,
871–892.

Eddleman, W.R., and Conway, C.J., 1998. Clapper rail (Rallus
longirostris). In: Poole, A. and Gill, F. (eds.), The Birds of North
America, No. 340. Philadelphia, Pennsylvania: The Birds of North
America, Inc, pp 1–13.

Emanuel, K., 2005. Increasing destructiveness of tropical cyclones
over the past 30 years. Nature 436(4), 686–688.

Erwin, R.M.; Sanders, G.M., and Prosser, D.J., 2004. Changes in
lagoonal marsh morphology at selected northeastern Atlantic Coast
sites of significance to migratory waterbirds. Wetlands, 24(4), 891–
903.

Evens, J. and Page, G.W., 1986. Predation on black rails during high
tides in salt marshes. The Condor, 88(1), 107–109.

Evers, D.E.; Sasser, C.; Gosselink, J.; Fuller, D., and Visser J., 1998.
The impact of vertebrate herbivores on wetland vegetation in
Atchafalaya Bay, Louisiana. Estuaries and Coasts, 21(1), 1–13.

1484 Thorne, Takekawa, and Elliott-Fisk

Journal of Coastal Research, Vol. 28, No. 6, 2012



Fisler, G.F., 1963. Effects of salt water consumption and weight of
harvest mice. Ecology, 44(3), 604–608.

FitzGerald, D.M.; Fenster M.S.; Argrow, B.A., and Buynevich, I.,
2008. Coastal impacts due to sea-level rise. Annual Review Earth
Science, 36, 601–647.

Foin, T.C.; Garcia, E.J.; Gill, R.E.; Culberson, S.D., and Collins, J.N.,
1997. Recovery strategies for the California clapper rail (Rallus
longirostris obsoletus) in the heavily-urbanized San Francisco
estuarine ecosystem. Landscape and Urban Planning, 38, 229–
243.

Ford, M.A.; Cahoon, D.R., and Lynch, J.C., 1999. Restoring marsh
elevation in a rapidly subsiding salt marsh by thin-layer deposition
of dredged material. Ecological Engineering, 12, 189–205.

French, J., 2006. Tidal marsh sedimentation and resilience to
environmental change: exploratory modeling of tidal, sea-level
and sediment supply forcing in predominantly allochthonous
systems. Marine Geology, 235, 119–136.

Fuentes, M.M.P.B.; Limpus, C.J.; Hamann, M., and Dawson, J., 2010.
Potential impacts of projected sea-level rise on sea turtle rookeries.
Aquatic Conservation: Marine Freshwater Ecosystems, 20, 132–139.

Geissel, W.; Shellhammer, H., and Harvey, H.T., 1988. The ecology of
the salt-marsh harvest mouse (Reithrodontomys raviventris) in a
diked salt marsh. Journal of Mammalogy, 69(4), 696–703.

Gilg, O.; Sittler, B., and Hanski, I., 2009. Climate change and cyclic
predator-prey population dynamics in the high arctic. Global
Change Biology, 15(11), 2634–2652.

Gjerdrum, C.; Elphick, C.S., and Rubega, M., 2005. Nest site section
and nesting success in saltmarsh breeding sparrows: the impor-
tance of nest habitat, timing, and study site differences. The
Condor, 107, 849–862.

Gjerdrum, C.; Vallee, A.M.J.; St. Clair, C.C.; Bertram, D.F.; Ryder,
J.L., and Blackburn, G.S. 2003. Tufted puffin reproduction reveals
ocean climate variability. Proceedings of the National Academy of
Science of the United States of America, 100(16), 9377–9382.

Goals Project, 1999. Baylands Ecosystem Habitat Goals. A Report of
Habitat Recommendations Prepared by the San Francisco Bay Area
Wetlands Ecosystem Goals Project. San Francisco, California: U.S.
Environmental Protection Agency, and Oakland, California: San
Francisco Bay Regional Water Quality Control Board, 408p.

Goman, M.; Malamud-Roam, F., and Ingram, B.L., 2008. Holocene
environmental history and evolution of a tidal salt marsh in San
Francisco Bay, California. Journal of Coastal Research, 24(5),
1126–1137.

Goodman, J.; Wood, M., and Gehrels, W., 2007. A 17-yr record of
sediment accretion in the salt marshes of Maine (USA). Marine
Geology, 242, 109–121.

Greenberg, R.; Maldonado, J.E.; Droege, S., and McDonald, M.V., 2006.
Tidal marshes: a global perspective on the evolution and conserva-
tion of their terrestrial vertebrates. Bioscience, 56, 675–685.

Grinsted, A.; Moore, J.C., and Jevrejeva, S., 2010. Reconstructing sea
level from paleo and projected temperatures 200 to 2100 AD.
Climate Dynamics, 42, 461–472.

Hannah, L. and Hansen, L., 2005. Designing landscapes and
seascapes for change. In: Lovejoy, T.E. and Hannah, L. (eds.),
Climate Change and Biodiversity. Ann Arbor, Michigan: Yale
University, Sheridan Books, pp. 199–210.

Hansen, J.; Sato, M.; Ruedy, R.; Lo, K.; Lea, D.W., and Medina-
Elizade, M., 2006. Global temperature change. Proceedings of the
National Academy of Science of the United States of America,
103(39), 14288–14293.

Hansen, P.J., 2009. Effects of heat stress on mammalian reproduction.
Philosophical Transactions of the Royal Society, 364(1534), 3341–3350.

Harding, E.K.; Doak, D.F., and Albertson, J.D., 2001. Evaluating the
effectiveness of predator control: the non-native red fox as a case
study. Conservation Biology, 15(4), 1114–1122.

Harris, J.A.; Hobbs, R.J.; Higgs, E., and Aronson, J., 2006. Ecological
restoration and global climate change. Restoration Ecology, 14(2),
170–176.

He, W.; Feagin, R.; Lu, J.; Liu, W.; Yan, Q., and Xie, Z., 2007. Impacts
of introduced Spartina altreniflora along an elevation gradient at
the Jiuduansha shoals in the Yangtze Estuary, suburban Shang-
hai, China. Ecological Engineering, 29(3), 245–248.

Hoegh-Guldberg, O., 1999. Climate change, coral bleaching and the
future of the world’s coral reefs. Marine Freshwater Research, 50,
839–866.

Hoegh-Guldberg, O. and Bruno, J.F., 2010. The impacts of climate
change on the world’s marine ecosystems. Science, 328, 1523–
1525.

Hopkinson, C.S.; Lugo, A.E.; Alber, M.; Covich, A.P., and Van Bloem,
S.J., 2008. Forecasting effects of sea-level rise and windstorms on
coastal and inland ecosystems. Frontiers in Ecology and the
Environment, 6(5), 255–263.

Hughes, L., 2000. Biological consequences of global warming: is the
signal already apparent? Trends in Ecology and Evolution, 15, 56–
61.

Hughes, R.G., 2004. Climate change and loss of salt marshes:
consequences for birds. Ibis, 146, 21–28.

Hulst, M.D.; Hall, L.S.; Morrison, M.L., and Bias, M.A., 2001.
Assessing salt marsh harvest mouse movements during high tides,
San Pablo Bay, California. Transactions of the Western Section of
the Wildlife Society, 37, 88–91.

IPCC (Intergovernmental Panel on Climate Change), 2007. Summary
for policymakers. In: Solomon, S.; Qin, D.; Manning, M.; Chen, Z.;
Marquis, M.; Averyt, K.B.; Tignor, M., and Miller, H.L. (eds.),
Climate Change 2007: The Physical Science Basis. Contribution
of Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge, UK:
Cambridge University Press, 5.1–5.5.

IUCN (International Union for Conservation of Nature), 2011. IUCN
Red List of Threatened Species. Version 2011.2. http://www.
iucnredlist.org (accessed 15 December 2011).

Jaffe, B.E.; Smith, R.E., and Foxgrover, A., 2007. Anthropogenic
influence on sedimentation and intertidal mudflat change in San
Pablo Bay, California: 1856 to 1983. Estuarine, Coastal and Shelf
Science, 73, 175–187.

Jantz, P.; Goetz, S., and Jantz, C., 2005. Urbanization and the loss of
resource lands in the Chesapeake Bay watershed. Environmental
Management, 36(6), 808–825.

Jean, M. and Bouchard, A., 1991. Temporal changes in wetland
landscapes of a section of the St. Lawrence River, Canada.
Environmental Management, 15(2), 241–250.

Jefferies, R.L., 1977. The vegetation of salt marshes at some coastal
sites in Arctic North America. Journal of Ecology, 65, 661–672.

Jevrejeva, S.; Moore J.C., and Grinsted, A., 2010. How will sea level
respond to changes in natural and anthropogenic forcings by 2100?
Geophysical Research Letters, 37, L07703.

Johnston, R.F., 1956. Predation by short-eared owls on a Salicornia
salt marsh. Wilson Bulletin, 68(2), 91–102.

Kennish, M.J., 2001. Coastal salt marsh systems in the U.S.: a review
of anthropogenic impacts. Journal of Coastal Research, 17(3), 731–
748.

Kershner, J., 2010. South Bay Salt Pond Restoration Project [Case
Study on a Project of the California Coastal Conservancy]. Retrieved
from CAKE. http://www.cakex.org/case studies/2876 (accessed
March 15, 2011).

Kettle, N.P., 2012. Exposing compounding uncertainties in sea level
rise assessments. Journal of Coastal Research, 28(1), 161–173.

Kirwan, M.L. and Guntenspergen, G.R., 2010. Influence of tidal range
on the stability of coastal marshland. Journal of Geophysical
Research, 115(F2), 1–11.

Kirwan, M.L.; Guntenspergen, G.R.; D’Alpaos, A.D.; Morris, J.T.;
Mudd, S.M., and Temmermena, S., 2010. Limits on the adaptability
of coastal marshes to rising sea level. Geophysical Research Letters,
37(L23401), 1–5.

Kirwan, M.L.; Guntenspergen, G.R., and Morris, J.T., 2009. Latitu-
dinal trends in Spartina alterniflora productivity and the response
of coastal marshes to global change. Global Change Biology, 15,
1982–1989.

Knowles, N. and Cayan, D., 2002. Potential effects of global warming
on the Sacramento/San Joaquin watershed and the San Francisco
Estuary. Geophysical Research Letters, 29, 1–5.

Knowles, N. and Cayan, D., 2004. Elevational dependence of projected
hydrologic changes in the San Francisco Estuary and watershed.
Climatic Change, 62, 319–336.

Climate Change Effects on Salt Marsh Wildlife 1485

Journal of Coastal Research, Vol. 28, No. 6, 2012



Knowles, N.; Dettinger, M.D., and Cayan, D.R., 2006. Trends in
snowfall versus rainfall in the Western United States. Journal of
Climate, 19, 4545–4559.

Knutson, T.R.; McBride, J.L.; Chan, J.; Emanuel, K.; Holland, G.;
Landsea, C.; Held, I.; Kossin, J.P.; Srivastava, A.K., and Sugi, M.,
2010. Tropical cyclones and climate change. Nature Geoscience, 3,
157–163.

Laaksonen, S.; Pusenius, J.; Kumpula, J.; Venalainen, A.; Kortet, R.;
Oksanen, A., and Hoberg E., 2010. Climate change promotes the
emergence of serious disease outbreaks of filarioid nematodes.
EcoHealth, 7, 7–13.

Lafferty, K.D., 2009. The ecology of climate change and infectious
diseases. Ecology, 90(4), 888–900.

Lawler, J.J.; Shafer, S.L.; White, D.; Kareiva, P.; Maurer, E.P.;
Blaustein, A.R., and Bartlein, P.J., 2009. Projected climate-
induced faunal change in the Western Hemisphere. Ecology,
90(3), 588–597.

Macmynowski, D.P.; Root, T.L.; Ballard, G., and Geupel, G.R., 2007.
Changes in spring arrival of Nearctic-Neotropical migrants attrib-
uted to multiscalar climate. Global Change Biology, 13, 2239–2251.

Mancera, J.E.; Meche, G.C.; Cardona-Olarte, P.P.; Castaneda-Moya,
E.; Chiasson, R.L.; Geddes, N.A.; Schile, L.M.; Wang, H.G.;
Guntenspergen, G.R., and Grace, J.B., 2005. Fine-scale spatial
variation in plant species richness and its relationship to
environmental conditions in coastal marshlands. Plant Ecology,
178, 39–50.

McGranahan, D.A.; Balk, D., and Anderson, B., 2007. The rising tide:
assessing the risks of climate change and human settlements in low
elevation coastal zones. Environment and Urbanization, 19, 17–39.

McKee, K.L.; Mendelssohn, I.A., and Materne, M.D., 2004. Acute salt
marsh dieback in the Mississippi River deltaic plain: a drought-
induced phenomenon? Global Ecology and Biogeography, 13(1), 65–
73.

Meehl, G.A.; Karl, T.; Easterling, D.R.; Changnon, S.; Pielke, R.;
Changnon, D.; Evans, J.; Groisman, P.Y.; Knutson, T.R.; Kunkel,
K.E.; Mearns, L.O.; Parmesan, C.; Pulwarty, R.; Root, T.; Sylves,
R.T.; Whetton, P., and Zwiers, F., 2000. An introduction to trends in
extreme weather and climate events: observations, socioeconomic
impacts, terrestrial ecological impacts, and model projections.
Bulletin of the American Meteorological Society, 81, 413–416.

Menon S.; Soberon, J.; Li, X., and Peterson, A.T., 2010. Preliminary
global assessment of terrestrial biodiversity consequences of sea-
level rise mediated by climate change. Biodiversity Conservation,
19, 1599–1609.

Mitsch, W.J. and Gosselink, J.G., 2000. Wetlands, 3rd edition. New
York: Wiley, 262p.

Moritz, C.; Patton, J.L.; Conroy, C.J.; Parra, J.L.; White, G.C., and
Beissinger, S.R., 2008. Impact of a century of climate change on
small-mammal communities in Yosemite National Park, USA.
Science, 322, 261–264.

Morris, J.T.; Sundareshwar, P.V.; Nietch, C.T.; Kjerfve, B., and
Cahoon, D.R., 2002. Responses of coastal wetland to rising sea level.
Ecology, 83, 2869–2877.

Mousavi, M.E.; Irish, J.L.; Frey, A.E.; Olivera, F., and Edge, B.L.,
2011. Global warming and hurricanes: the potential impact of
hurricane intensification and sea level rise on coastal flooding.
Climate Change, 104, 575–597.

Nicholls, R.J. and Cazenave A., 2010. Sea-level rise and its impact on
coastal zones. Science, 328, 1517–1519.

Nichols, F.H.; Cloern, J.E.; Luoma, S.N., and Peterson, D.H., 1986.
The modification of an estuary. Science, 231, 567–573.

O’Donnell, M.J.; Todgham, A.E.; Sewell, M.A.; Hammond, L.T.;
Ruggiero, K.; Fangue, N.A.; Zippay, M.L., and Hofmann, G.E.,
2010. Ocean acidification alters skeletogenesis and gene expression
in larval sea urchins. Marine Ecology Progress Series, 398, 157–171.

Ohlemuller, R.; Anderson, B.J.; Araujo, M.B.; Butchart, S.H.M.;
Kudrna, O.; Ridgely, R.S., and Thomas, C.D., 2008. The coincidence
of climatic and species rarity: high risk to small-range species from
climate change. Biology Letters, 4, 568–572.

Parmesan, C., 1996. Climate and species range. Nature, 382, 765–766.
Parmesan, C., 2006. Ecological and evolutionary responses to recent

climate change. Annual Review of Ecology, Evolution, and
Systematics, 37, 637–669.

Parmesan, C., 2007. Influences of species, latitudes and methodolo-
gies on estimates of phonological response to global warming.
Global Change Biology, 13, 1860–1872.

Parmesan, C.; Root, T.L., and Willig, M.R., 2000. Impacts of extreme
weather and climate on terrestrial biota. Bulletin of the American
Meteorological Society, 81(3), 443–450.

Parmesan, C.; Ryrholm, N.; Stefanescu, C.; Hill, J.K.; Thomas, C.D.;
Descimon, H.; Huntley, B.; Kaila, L.; Kullberg, J.; Tammaru, T.;
Tennent, W.J.; Thomas, J.A., and Warren, M., 1999. Poleward
shifts in geographical ranges of butterfly species associated with
regional warming. Nature, 399, 579–583.

Parmesan, C. and Yohe, G., 2003. A globally coherent fingerprint of
climate change impacts across natural systems. Nature, 421, 37–
42.

Patrick, W.H. and DeLaune, R.D., 1990. Subsidence, accretion, and
sea level rise in south San Francisco Bay marshes. Limnology and
Oceanography, 35(6), 1389–1395.

Poloczanska, E.S.; Hawkins, S.J.; Southward, A.J., and Burrows,
M.T., 2008. Modeling the response of populations of competing
species to climate change. Ecology, 89(11), 3138–3149.

Pounds, A.J.; Bustamante, M.R.; Coloma, L.A.; Consuegra, J.A.;
Fogden, M.P.L.; Foster, P.N.; Marca, E.L.; Masters, K.L.; Merino-
Viteri, A.; Puschendorf, R.; Ron, S.R.; Sánchez-Azofiefa, G.A.; Still,
C.J., and Young, B.E., 2006. Widespread amphibian extinctions
from epidemic disease driven by global warming. Nature, 439, 161–
167.

Previtali, M.A.; Meserve, P.L.; Kelt, D.A.; Milstead, W.B., and
Gutierrez J.R., 2009. Effects of more frequent and prolonged El
Niño events on life-history parameters of the Degu, a long-lived
and slow-reproducing rodent. Conservation Biology, 24(1), 18–
28.

Ravens, T.M.; Thomas, R.C.; Roberts, K.A., and Santschi, P.H., 2009.
Causes of salt marsh erosion in Galveston Bay, Texas. Journal of
Coastal Research, 25(2), 265–272.

Reed, D., 2002. Sea-level rise and coastal marsh sustainability:
geological and ecological factors in Mississippi delta plain.
Geomorphology, 48, 233–243.

Reed, D.J.; Spencer, T.; Murray, A.L.; Jonathan, R., and Lynn, L.,
1999. Marsh surface sediment deposition and the role of tidal
creeks: implications for created and managed marshes. Journal of
Coastal Conservations, 5, 81–90.

Root, T.L.; Price, J.T.; Hall, K.R.; Schneider, S.H.; Rosenzweig, C.,
and Pounds, J.A., 2003. Fingerprints of global warming on wild
animals and plants. Nature, 421, 57–60.

Root, T.L. and Schneider, S.H., 2006. Conservation and climate
change: the challenges ahead. Conservation Biology, 20(3), 706–
708.

Rush, S.A.; Soehren, E.C.; Woodrey, M.S.; Graydon, C.L., and Cooper,
R.J., 2009. Occupancy of select marsh birds within northern Gulf of
Mexico tidal marsh: current estimates and projected change.
Wetlands, 39(3), 798–808.

Rybczyk, J.M. and Cahoon, D.R., 2002. Estimating the potential for
submergence for two wetlands in the Mississippi River delta.
Estuaries, 25(5), 985–998.

Sanderson, E.W.; Ustin, S.L., and Foin, T.C., 2000. The influence of
tidal channels on the distribution of salt marsh plant species in
Petaluma Marsh, CA, USA. Plant Ecology, 146, 29–41.

Schneider, S.H. and Root, T.L., 2002. Climate change: overview and
implications for wildlife. In: Schneider, S.H. and Root, T.L. (eds.),
Wildlife Responses to Climate Change, North American Case
Studies. Washington, DC: Island Press, pp. 1–25.

Schwarzbach, S.E.; Albertson, J.D., and Thomas, C.M., 2006. Effects
of predation, flooding, and contamination on reproduction success
of California clapper rails (Rallus longirostris obsoletus) in San
Francisco Bay. The Auk, 123(1), 45–60.

Seavey, J.R.; Gilmer, B., and McGarigal, K.M., 2011. Effect of sea-
level rise on piping plover (Charadrius melodus) breeding habitat.
Biological Conservation, 144, 393–401.

Shellhammer, H.S., 1982. Reithrodontomys raviventris. Mammalian
Species, 169, 1–3.

1486 Thorne, Takekawa, and Elliott-Fisk

Journal of Coastal Research, Vol. 28, No. 6, 2012



Shriver, W.G.; Hodgman, T.P.; Gibbs, J.P., and Vickery, P.D., 2010.
Home range size and habitat use of Nelson’s and saltmarsh
sparrow. The Wilson Journal of Ornithology, 122(2), 340–345.

Smith, M.J.; Scroggie, M.P.; Schreiber, E.S.G.; McNabb, E.; Cheers,
G.; Macak, P.; Loyn, R.; and Ough, K., 2009. Associations between
salinity and use of non-riverine wetland habitats by diurnal birds.
Emu, 109(3), 252–259.

Solonen, T., 2008. Large-scale climatic phenomena and timing of
breeding in a local population of the osprey Pandion haliaetus in
southern Finland. Journal of Ornithology, 149, 229–235.

Spautz, H.; Nur, N.; Stralberg, D., and Chan Y., 2006. Multi-scale
habitat relationships of tidal-marsh breeding birds in the San
Francisco Bay Estuary. Studies in Avian Biology, 32, 247–269.

Stanley, D.J. and Warne A.G., 1994. Worldwide initiation of Holocene
marine deltas by deceleration of sea-level rise. Science, 265(5169),
228–231.

Stralberg, D.; Jongsomjit, D.; Howell, C.A.; Snyder, M.A.; Alexander,
J.D.; Wiens, J.A., and Root, T.L., 2009. Re-shuffling of species with
climate disruption: a no-analog future for California birds? PLoS
One, 4(9), e6825.

Takekawa, J.Y.; Bias, M.A.; Woo, I.; Demers, S.A., and Downard, G.T.,
2002. Restoration Research and Monitoring in Baylands Wetlands of
the San Francisco Bay Estuary: The Tolay Creek Project. Vallejo,
California: U.S. Geological Survey, Unpublished Progress Report. 74p.

Takekawa, J.Y.; Woo, I.; Gardiner, R.; Casazza, M.; Ackerman, J.T.;
Nur, N.; Liu, L., and Spautz, H., 2011. Bird communities in tidal
salt marshes of San Francisco Bay. San Francisco Watershed and
Estuary Science, 9, 1–24.

Takekawa, J.Y.; Woo, I.; Spautz, H.; Nur, N.; Grenier, J.L.; Malamud-
Roam, K.; Nordby, J.C.; Cohen, A.N.; Malamud-Roam, F., and
Wainwright-De La Cruz, S.E., 2006. Environmental threats to tidal
marsh vertebrates in the San Francisco Bay Estuary. Studies in
Avian Biology, 32, 176–197.

Temmerman, S.; Govers, G.; Wartel, S., and Meire, P., 2004. Modeling
estuarine variations in tidal marsh sedimentation: response to
changing sea level and suspended sediment concentrations. Marine
Geology, 212, 1–19.

Thomas, C.D. and Lennon, J.J., 1999. Birds extend their ranges
northwards. Nature, 399, 213.

Thorne, K.M.; Takekawa, J.Y.; Overton, C.; Casazza, M.; Swanson,
K.; Drexler, J.; Schoellhamer, D., and Buffington, K., 2010.
Progress Report for: Fate of Endangered Species in the San
Francisco Bay Salt Marshes with Sea-Level Rise. Vallejo, Califor-
nia: U.S. Geological Survey National Climate Change Wildlife
Science Center, Unpublished Report, 15p.

Tsao, D.C.; Takekawa, J.Y.; Woo, I.; Yee, J.L., and Evens, J.G., 2009.
Home range, habitat selection, and movements of California black
rails at tidal marshes at San Francisco Bay, California. The
Condor, 111(4), 599–610.

U.S. Department of Interior and Council on Environmental Quality,
2012. National Fish, Wildlife and Plants Climate Adaptation
Strategy. Washington, D.C.: U.S. Department of Interior and
Council on Environmental Quality, 115 p.

USFWS (U.S. Fish and Wildlife Service), 1991. Endangered and
threatened wildlife and plants; endangered status for the Florida
salt marsh vole. Federal Register, 56(9), 1457–1459.

USFWS, 2007. San Pablo Bay National Wildlife Refuge. Petaluma,
California: USFWS.

USFWS, 2009. Draft Recovery Plan for Tidal Marsh Ecosystems of
Northern and Central California. Sacramento, California: USFWS,
xviii + 636p.

Vermeer, M. and Rahmstrof, S., 2009. Global sea level linked to global
temperature. Proceedings of the National Academy of Science of the
United States of America, 106(51), 21527–21532.

Visser, M.E.; Noordwijk, J.V.; Tinbergen, J.M., and Lessells, C.M.,
1998. Warmer springs lead to mistimed reproduction in great tits
(Parus major). Proceedings of the Royal Society B: Biological
Sciences, 265(1408), 1867–1870.

Warren, R.S. and Niering, W., 1993. Vegetation change on a northeast
tidal marsh: interaction of sea-level rise and marsh accretion.
Ecology, 74, 96–103.

Watson, E.B., 2004. Changing elevation, accretion, and tidal marsh
plant assemblages in a south San Francisco Bay tidal marsh.
Estuaries, 27(4), 684–698.

Watson, E.B., 2008. Marsh expansion at Calaveras Point Marsh,
south San Francisco Bay, California. Estuarine, Coastal and Shelf
Science, 78, 593–602.

Watson, E.B. and Byrne, R., 2012. Recent (1975–2004) vegetation
change in the San Francisco Estuary, California, tidal marshes.
Journal of Coastal Research, 28(1), 51–63.

Webster P.J.; Holland, G.J.; Curry J.A., and Chang H.R., 2005.
Changes in tropical cyclone number, duration, and intensity in a
warming environment. Science, 309, 1844–1846.

White, W.A. and Tremblay, T.A., 1995. Submergence of wetlands as a
result of human-induced subsidence and faulting on the upper
Texas coast. Journal of Coastal Research, 11, 788–807.

Willard, D.A.; Cronin, T.M., and Verardo, S., 2003. Late-Holocene
climate and ecosystem history from Chesapeake Bay sediment core,
USA. The Holocene, 13(2), 201–214.

Willis, C.; Ruhfel, B.; Primack, R.; Miller-Rushing, A.; Losos, J., and
Davis, C., 2010. Favorable climate change response explains
non-native species’ success in Thoreau’s Woods. PLoS ONE, 5(1),
e8878.

Wilson, C. and Allison, M., 2008. An equilibrium profile model for
retreating marsh shoreline in southeast Louisiana. Estuarine,
Coastal and Shelf Science, 80, 483–494.

Winder, M. and Schindler, D.E., 2004. Climate change uncouples trophic
interactions in an aquatic ecosystem. Ecology, 84(8), 2100–2106.

Woo, I.; Block, G.; and Takekawa, J., 2008. U.S. Department of Interior
and Council on Environmental Quality, 2012. Vallejo, California:
U.S. Geological Survey Western Ecological Research Center, U.S.
Fish & Wildlife Service. Unpublished Report.

Woods, C.A.; Post, W., and Kirkpatrick, C.W., 1992. Florida salt marsh
vole Microtus pennsylvanicus dukecampbelli. In: Humphrey, S.R.
(ed.), Rare and Endangered Biota of Florida, Volume I: Mammals.
Gainesville, Florida: University Presses of Florida, pp. 131–139.

Yozzo, D.J.; Wilber, P., and Will, R.J., 2004. Beneficial use of dredge
material for habitat creation, enhancement, and restoration in New
York–New Jersey Harbor. Journal of Environmental Management,
73, 39–52.

Zedler, J.B., 2010. How frequent storms affect wetland vegetation: a
preview of climate-change impacts. Frontiers in Ecology and the
Environment, 8(10), 540–547.

Climate Change Effects on Salt Marsh Wildlife 1487

Journal of Coastal Research, Vol. 28, No. 6, 2012


